Health, School of Medicine, Keio UniversityObjectives-A six-year prospective cohort study was conducted to clarify whether the current carbon disulfide (CS 2 ) exposure level is low enough to prevent subclinical health impairment and/or to ameliorate health effects due to previous high exposure. This paper describes the follow-up results, exposure assessment, and effects on the endocrine system. Methods-The study subjects were 432 male workers exposed to CS 2 at one of the 11 rayon factories in Japan and 402 referent workers from the same factories, all of whom were examined in 1992-93. 251 CS 2 -exposed, 140 former-exposed and 359 referent workers participated in the follow-up survey (follow-up rate 89.9%) in 1998-99. Urinary 2-thiothiazolidine-4-carboxylic acid (TTCA) at the end of a shift as internal exposure index and the time-weighted average CS 2 concentration as external exposure index were measured twice a year from 1992-1993. By using various blood indices, we evaluated effects on thyroid, hypophysis, and gonad function, as well as effects on glucose metabolism. Information on potential confounding factors, such as age, smoking and alcohol drinking, were collected and adjusted for. ResultsWhen the individual exposure level was represented by arithmetic mean for TTCA and CS 2 concentration, Received July 31, 2002; Accepted Jan 24, 2003 Correspondence to: T. Takebayashi, Department of Preventive Medicine and Public Health, School of Medicine, Keio University, 35 Shinanomachi, Japan geometric means (SD) of CS 2 workers were 1.61 (1.91) mg/g.crea and 5.02 (1.84) ppm, respectively. There were no exposure-related differences in glucose metabolism or any of the endocrinological indices. Conclusions-No biologically significant effects of CS 2 were found on endocrine function in Japanese rayon manufacturing workers when the average internal and external exposure levels were maintained below the current occupational exposure limit. (J Occup Health 2003; 45: 111-118) 
A large body of evidence has documented the adverse effects of occupational exposure to carbon disulfide (CS 2 , CAS No. 75-15-0) on multiple organs. The cardiovascular and nervous systems are considered to be the principal targets affected by CS 2 exposure 1, 2) . The Japan Society for Occupational Health 3) and the American Conference of Governmental Industrial Hygienists 4) have recommended a time-weighted average (TWA) of 10 ppm as the allowable occupational exposure limit for CS 2 , whereas the Deutsche Forschungsgemeinschaft 5) of Germany reduced its MAK value to 5 ppm as the TWA concentration. It remains to be clarified whether or not the current CS 2 exposure level is low enough to prevent the occurrence of CS 2 -related health impairment and/or to ameliorate health effects due to previous high exposure. We therefore started a prospective cohort study with all Japanese rayon factories using sensitive indicators of subclinical health changes and detailed exposure assessment in 1992, and evaluated the study subjects' health comprehensively, including cardiovascular, cerebrovascular, opthalmological, neurological, neurobehavioral, and endocrinological aspects 6, 7) . CS 2 effects on the endocrine system have also been observed, including effects on adrenal 8) , thyroid [9] [10] [11] , hypophysis 9, 11) and gonad 12) function, whereas it has also been reported that there is no relationship between thyroid, hypophysis, and gonad function and exposure to CS 2 8, 13) . These discrepancies may be due to differences in various factors such as the degree of exposure, population studied or type of study conducted. Likewise, some authors have suggested that glucose metabolism could be impaired by CS 2 exposure 14, 15) , but contradictory null results have also been reported as well 16, 17) . In a baseline analysis of this study, glycosylated hemoglobin levels increased in a CS 2 -exposed group compared to a referent group 7) . A careful follow-up study with precise exposure assessment is necessary to examine the causal relationship between CS 2 exposure and health impairment.
In this paper, the results of a 6-yr follow-up, exposure assessment, and the effects of CS 2 on the endocrine system will be presented.
Subjects and Methods

Study base and follow-up
In a baseline study conducted in 1992 and 1993, the study subjects were 432 male workers exposed to CS 2 at one of 11 viscose rayon factories in Japan and 402 referent workers from the same factories who had been involved in the manufacture of other synthetic fibers or plastic products. Details of the recruitment were given in a previous paper 6) . Briefly, workers exposed to CS 2 consisted of all workers from seven rayon staple fiber factories and about half of the workers randomly selected from four rayon filament fiber factories. Workers whose age ≥50 at the baseline were excluded due to a difficulty in the tracing process. For the referent group, workers who had no history of exposure to hazardous chemicals were selected to be roughly age-matched.
In 1998 and 1999, the follow-up survey was complete. Fig. 1 shows the results of the follow-up survey. Threehundred and ninety one of the 432 CS 2 exposed workers and 359 of the 402 referent workers participated in the follow-up survey (the follow-up rate was 89.9%). Four workers died during the study period (one from the CS 2 -exposure and three from the referent group); 80 were lost to follow-up. The reasons for non-participation were as follows: 1) 56 subjects left the job, and 2) 24 subjects were transferred within the company. Among the workers exposed to CS 2 , 251 remained exposed to CS 2 until the end of the study (CS 2 workers). In the case of 140 workers, exposure was truncated largely due to the fact that for economic reasons, three factories discontinued the production of rayon fibers during the 1994-1995 period (ex-CS 2 workers). After summarizing the subjects' job records, some of the ex-CS 2 and the referent workers were reclassified as CS 2 workers, since they were still being exposed to CS 2 when they worked near the rayon production area; some referent workers were excluded from the analysis because they had a history of CS 2 exposure for 1-8 yr prior to the observation period. Therefore, the total number of subjects analyzed statistically was 744 (CS 2 -exposed workers, 259; ex-CS 2 workers, 133; and referent workers, 352). Table 1 shows the demographical characteristics of the subjects at the time of the baseline survey. Mean (SD) ages of the CS 2 , ex-CS 2 , and referent workers were 35.6 (7.7), 36.8 (7.8), and 35.9 (9.1) yr, respectively. The frequencies of tobacco smokers was slightly higher in the CS 2 workers, but no statistically significant difference was noted among the three groups. During the observation period, 1.6% (CS 2 ), 7.5% (ex-CS 2 ), and 7.3% (referent) of the smokers had quit smoking; the frequency of smokers at the time of the follow-up survey was as follows: CS 2 workers, 69.5%; ex-CS 2 workers, 64.7%; and referent workers, 57.4%.
Exposure assessment
As a biological exposure index, 2-thiothiazolidine-4-carboxylic acid in the urine (TTCA) was measured at the end of a shift twice a year starting in the spring of 1992. Details of the analytical method are described elsewhere 18) . Briefly, TTCA was extracted from the urine with diethylether after acidification. A dried residue dissolved in methanol/water solution (1/1; v/v%) was then applied to a high performance liquid chromatography system (Shimadzu Co., Kyoto) with a LiChrosorb RP-18 250 × 4 mm (5 um) column. The mobile phase was 0.1M acetic acid and acetonitrile. Urinary creatinine was measured by the Jaffe method in order to adjust for the dilution level. For the external exposure assessment, the CS 2 concentration in the breathing zone was also measured starting in the spring of 1993. To evaluate the 8-h time-weighted average CS 2 concentration for each worker, a Perkin-Elmer diffusive sampler tube filled with CS 2 adsorbent (Tenax TA, GL Science) was attached to the worker's lapel on the same day as the TTCA measurement. The sampler tube was heated at 180°C for 7 min with a Daily Exposure Limit Test Apparatus (Sabre Gas Detection Ltd., UK); the level of desorbed CS 2 was then determined with a stain tube for CS 2 19) .
Effects on the endocrine system
The subjects were asked to fast at least 12 h before blood collection at the time of the follow-up survey, and the samples were sent to a nationwide clinical laboratory within 24 h. Only non-fasting blood collection was performed at the time of the baseline survey. Timing of blood collection was advised to be done in the morning, but not strictly standardized for feasibility reason. Various blood indices of the endocrine system were quantified: glucose metabolism was examined by blood glucose, glycosylated hemoglobin (HbA 1c ), and serum insulin levels; serum or plasma follicle-stimulating hormone (FSH), luteinizing hormone (LH), and adreno-corticotropic-hormone (ACTH) levels were examined to assess hypophysis function; the testosterone level was examined to assess gonad function; and thyroid-stimulating hormone (TSH), triiodothyronine (T 3 ), thyroxine (T 4 ), and thyroxine-binding globulin (TBG) levels were examined in order to assess thyroid function. Standard analytical methods were used, i.e., radio immunoassays for hormones, the enzymatic method for glucose, and the HPLC method for HbA 1c 20, 21) . For HbA 1c , the sample pretreatment procedures were changed for the follow-up survey; as a result, only stable components were measured for the follow-up survey, whereas for the baseline survey, the total, i.e., the sum of the stable and labile components, was determined. The laboratory ran internal and external quality control programs to minimize measurement variation.
Various types of subjective symptoms that could be experienced as a result of exposure to organic solvents were examined with a self-administered questionnaire 7) . A question related to endocrine function, "Have you experienced reduced sexual desire in the past 6 months?", was included in the questionnaire.
Statistical analysis
Exposure status was first categorized into three groups (CS 2 workers, ex-CS 2 workers, and referent workers). CS 2 workers were also dichotomized (spinning/refining workers, and other CS 2 workers) according to their job type at the time of the baseline survey because CS 2 exposure of the spinning/refining workers was higher than that of the other CS 2 workers as shown in Table 2 and the classification by job type could be a surrogate marker of exposure. Eighteen CS 2 workers had been transferred to different CS 2 jobs during the study period, and allocated to a new job category when job transfer occurred more than one year before the follow-up survey. Separate analysis excluding the transferred workers gave similar results. Furthermore, to evaluate an exposure-effect relationship with an index of internal exposure, the subjects were classified into four roughly equal groups according to quartiles determined by the arithmetic mean of the TTCA levels for 6 yr. Cut-off values were 2.69, 1.79 and 1.14 mg/g.creatinine. Those who had only 5 measurements of TTCA or less were allocated to one of the groups according to their job assignments.
For continuous data, the normality of data distribution was examined, and an appropriate transformation was performed in order to obtain a normal distribution before the analysis. Mean values of the variables were calculated and compared by analysis of variance (ANOVA) followed by Tukey's method (group comparison). Intra-individual change over the observation period, defined as subtracting a value at the baseline survey from a value in the followup survey, was also compared for all indices except for the indices of glucose metabolism. A subjective symptom was considered prevalent when a subject's response was either "always" or "sometimes." Frequencies of symptoms were compared by χ 2 test without any adjustment for the multiplicity of comparisons. To control for possible confounders simultaneously, multiple linear regression models were developed for the continuous outcome variables and multiple logistic regression models were developed for the subjective symptoms. Potential confounding factors included in the models were age (<30,
Sixteen out of 133 (12.0%) ex-CS 2 workers and 15 of 352 (4.3%) referent workers were exposed to solvents other than CS 2 during the study period such as acetone or isopropanol, but none of these solvents showed any health risks as regards the endocrine and reproductive systems, so we did not exclude such workers from the analysis. Some of the data were missing because of absence on the day of a research team visit or incompleteness of the questionnaire; both of these situations occurred without any relation to exposure status or health status. All statistical analysis was performed with the SAS package (Cary, NC).
Results
Exposure assessment
Mean (SD) duration of CS 2 exposure was 19.3 (8.1) yr for all CS 2 workers, 19.6 (8.2) yr for the spinning/refining workers, and 18.3 (7.7) yr for the other CS 2 workers at the end the study. The ex-CS 2 workers had a mean (SD) exposure duration of 15.6 (8.5) yr, and had left their CS 2 job for an average of 4.0 yr. Table 2 shows the results of the exposure indices. For the analysis, only the subjects who had at least six measurements (TTCA) or four Fig. 2 shows the half-yearly change in mean TTCA and CS 2 concentrations during the observation period. TTCA levels clearly dropped from the spring of 1993, and continued to decline toward the end of the study, whereas CS 2 levels did not have any decreasing trend; but we could not measure the CS 2 level in the first year. Proportions of personal respiratory protective device users during the study period were 49.6% for all CS 2 workers, 64.3% for the spinning/ refining workers, and 12.6% for the other CS 2 workers.
Effects on the endocrine system
The results of the measurement of blood biochemical indices for the endocrine system are shown in Table 3 . B, baseline survey; F, follow-up survey; G, geometric mean (geometric standard deviation); †, (i) for the baseline survey, only non-fasting samples were collected and values were calculated from all data; (ii) for the follow-up survey, fasting samples were requested, and subjects with non-fasting samples were excluded from the analysis though inclusion of those showed similar results; #, a subject was excluded because of his past history of orchiopathy; ‡, P<0.05 by ANOVA ; *, P<0.05 compared to the referent group (Tukey's method)
As regards glucose metabolism, there were no differences among the three groups at the time of follow-up, whereas the geometric mean (GSD) HbA 1c levels for the CS 2 -exposed, ex-CS 2 , and referent groups were 5.12 (1.09), 5.09 (1.09), and 5.02 (1.09)%, respectively (P=0.01), at the baseline. During the observation period, incidences of diabetes mellitus (defined as a patient on medication) were 1/259 (0.4%) among the CS 2 workers, 1/133 (0.8%) among the ex-CS2 workers, and 4/352 (1.1%) among the referent workers. Inclusion or exclusion of workers who developed diabetes mellitus did not change the results (diabetes mellitus patients were excluded from the analysis in Table 3 ). Levels of serum or plasma hormones used to assess hypophysis and gonad function were comparable in all three groups in the follow-up survey. For thyroid function, only the T 4 concentration was lower among the CS 2 workers, but there was no exposure-related reduction when the CS 2 workers were classified according to their job types or 6-yr TTCA levels. Baseline values were also similar in all groups for all indices. Comparison of intra-individual change over the 6-yr observation period did not show any differences among the groups. In addition, the use of multivariate methods to control for possible confounders did not change the results.
Discussion
Occupational exposure to CS 2 was not related to any endocrine dysfunction evaluated by the various blood indices, or by the subjective symptoms reported by male Japanese rayon workers. During the observation period, median or average exposure levels to CS 2 for 6 yr were below 10 ppm, the current occupational exposure limit in Japan. This observation is consistent with the results obtained by Vanhoore 13) , in which serum T 4 , LH, FSH, prolactin, and testosterone were not associated with CS 2 exposure in male rayon workers. That was a crosssectional study, and workers' exposure levels ranged from 1 to 36 ppm at the time of the study, and the mean/median cumulative exposure indices were 123/58 ppm × yr (calculated from 382.6/180.0 mg/m 3 × yr).
Our study has some advantages over previous studies 8, 11, 13, [22] [23] [24] . First, this report discusses the results of a cohort study with a high follow-up rate ( 90%), which suggests a decreased possibility of introducing a selection bias. We also evaluated and controlled for various endocrine dysfunction risk factors in order to prevent a confounding bias. Moreover, we undertook a detailed exposure assessment for all study subjects during the study period, by which random error would be reduced. Cross-sectional comparison, as well as comparison of intra-individual change over 6 yr, indicated that exposure to CS 2 did not cause endocrine dysfunction in male rayon workers when the exposure level was maintained at about or below 10 ppm. Naturally, we cannot exclude the possibility that unmeasured confounding factors may have distorted the results, or that affected workers left their jobs before the study had begun, and therefore perhaps only invulnerable workers stayed and participated in the study.
It has been suggested that CS 2 exposure might affect glucose metabolism; positive results in a prednisolone glucose tolerance test 15) and high blood glucose levels and impaired glucose tolerance to oral cortisone 14) have been reported previously. However, it was more recently reported that no association was observed between blood glucose levels and CS 2 exposure 17, 25) . In the baseline analysis of our study, a small but significant increase in the level of glycosylated hemoglobin was observed in the CS 2 -exposed group 7) . Blood insulin concentrations were also decreased in the CS 2 -exposed group, but only non-fasting samples were collected at the time of the baseline survey. In this follow-up survey, fasting blood sampling was done; accordingly, blood glucose, insulin and glycosylated hemoglobin were not significantly different in association with CS 2 exposure. Furthermore, incidences of having diabetes mellitus were quite low in all of the groups. Loss to follow-up did not occur in a non-comparable manner in any of the groups, as no abnormalities in glucose metabolism were demonstrated in any of the workers at the time of leaving the job, according to the companies' regular health check-up record. We therefore speculate that occupational exposure to CS 2 about or below 10 ppm did not cause biologically significant impairment of glucose metabolism in the participants in this study. Glucose tolerance tests should have been performed in order to confirm this inference, but we were unable to do so due to restricted time in the field.
As regards exposure assessment, both an external exposure index, i.e. the CS 2 concentration, and an internal exposure index, i.e. the TTCA concentration, indicated that the average exposure level was maintained below the current occupational exposure limit during the observation period. When the exposure level was represented by maximum TTCA and CS 2 levels during the 6 yr for each subject (TTCA max , CS 2max ), the geometric mean (SD) values for the spinning/refining workers were as follows: 5.69 (1.81) mg/g.crea and 10.68 (1.72) ppm, respectively. These results suggest that the subjects included in this study could have been exposed to CS 2 at levels near to or higher than the occupational exposure limit level, under certain working conditions. Interestingly, during the study period, the TTCA levels tended to decrease (P=0.003 by simple linear regression analysis), whereas CS 2 levels did not. This finding may be explained by intervention, namely each factory was aware of and acted accordingly in response to the internal exposure levels. Furthermore, each company in the study was notified in 1993 by the Chemical Fiber Association that the breakthrough time of a respirator cartridge would be shorter than expected when exposed to such organic solvents with relatively lower boiling points as CS 2 26, 27) . A respiratory protection program was therefore developed, and included a scheduled change of charcoal respirator cartridges and a respirator fit-testing program; it is assumed that the effectiveness of the protection was thereby improved.
In conclusion, we failed to show biologically significant effects of CS 2 exposure on endocrine function (including effects on glucose metabolism, and gonad, thyroid and hypophysis function), among Japanese rayon manufacturing workers when the average internal and external exposure levels were maintained below the current Japanese occupational exposure limit for 6 yr.
